An exciting prospect is the use of antimatter as a fuel source due to its ability to convert mass energy to kinetic energy. Upon annihilation of antimatter with matter, tremendous amounts of energy are carried away by charged and neutral particles. By redirecting the charged particles through an exhaust using a non-uniform magnetic field, an impulse can be generated capable of supplying thrust to an engine. Using the Geant 4 simulation toolkit developed by CERN, we simulate this process using a beam core engine design. By analyzing charged pions that result from antiproton-proton annihilation, we optimize the engine parameters and derive a specific impulse for antiproton fuel as used in the beam core configuration. A specific impulse of (2.49 ± 0.08) × 10 6 s was determined. This value is significantly higher than specific impulses of current chemical rocket fuels which range from 240 -400 s.
Introduction
Ever since its proposed existence in 1922, antimatter has held a fascinating place in both the sciences and science fiction. Antimatter's potential to liberate massive amounts of energy has made it an interesting prospect as a fuel source for interstellar travel. One proposed method for utilizing antimatter as a fuel source is the antimatter beam core engine. The beam core design generates a thrust by redirecting charged particles from an antiproton-proton annihilation through an exhaust using a magnetic field. According to Newtons third law, the change in momentum of the particles being pushed towards the exhaust will generate an equal impulse on the magnetic field in the opposite direction which will in turn be imparted on the entire engine and any vessel connected to the engine.
Antimatter has the remarkable ability to convert rest mass to kinetic energy through annihilation events. For an antiproton-proton annihilation event, Frisbee states that approximately 64% of the rest mass in the annihilation is converted to kinetic energy. The remaining 36% of the rest mass constitutes the mass of the daughter particles [1] . However, since we generate thrust from the momentum of particles moving through an exhaust, the annihilation allows full utilization of the mass energy as the mass contributes to the particles momentum and, therefore, the thrust produced.
In order to quantitatively analyze the effectiveness of antimatter as a fuel source, it is useful to calculate the specific impulse, a common measurement used in rocket science for comparative analyses of fuel sources. The specific impulse, given in units of seconds, is a measure of the amount of impulse generated by a certain weight of fuel where a higher specific impulse corresponds to more impulse generated by a lesser mass of fuel. Basic rocket physics dictates that in order to maximize the amount of velocity gained by a rocket, the mass of the rocket must be as low as possible. For this reason, a fuel with high specific impulse is important as more thrust can be produced with a lesser amount of fuel mass.
Keane and Zhang first utilized a modern version of Geant to simulate and optimize the antimatter beam core engine design in 2012 [2] . The simulation built by Keane and Zhang provided a rudimentary construction of the basic beamed core design for an antimatter engine. The research presented here aims to expand upon the work done by Keane and Zhang by refining elements of the analyses and making greater use of Geant's extensive capabilities. Keane and Zhang optimized based on pion efficiencies and cited pion exhaust velocities from a previous publication in order to determine a maximum effective exhaust velocity which they defined as the efficiency times the average pion velocity. As opposed to Keane and Zhang's simulation, our simulation tracks velocities for each particle within the simulation which allows us to calculate an average pion velocity within the simulation at both the exhaust and the pions point of production at the annihilation. Furthermore, we track vector momenta for all particles and refine the optimization to not only consider the efficiency at which pions reach the exhaust, but also the magnitude of each pions momentum in the desired direction of thrust. Ultimately, we calculate a value for specific impulse of the antimatter as a comparative measure to other fuel sources.
In subsequent sections we will discuss the general design of the engine as well as the simulation construction. Optimization plots for each parameter are shown as well as relevant kinematic data for the final optimized state. From this data, an argument is made for the effectiveness of an antimatter powered engine compared to traditional and other theoretical propulsion techniques as well as a comparison to the previous simulation done by Keane and Zhang.
The Simulation
The simulation is built using Geant 4.10.03 [3] with FTFP_BERT physics list which allows for the simulation of magnetic fields and hadronic interactions among other processes. Geant is a Monte Carlo based toolkit developed and maintained by CERN that simulates the passage of particles through matter. One of the focuses of our approach is to simulate realistic structures and materials necessary to construct such an engine.
Within the simulation, the engine is designed so a solenoid forms the outer cylindircal shell of the engine and produces a non uniform magnetic field that becomes weaker closer to the exhaust. Solenoids can produce non uniform magnetic fields in various ways; for example, by varying the radius which would give the solenoid a conical shape or by maintaining a cylindrical shape but varying the number of turns per length or current that flows through the solenoid. For this simuation, the latter option is chosen in order to give the particles the most room to propagate through the magnetic field and be redirected. The solenoid is placed in a Cartesian coordinate system so that the radius of the solenoid extends in the x and y directions while the length of the solenoid runs along the z-axis. Furthermore, the solenoid is given realistic material properties within the simulation in order to interact with particles that may come in contact with or pass through the solenoid and potentially produce additional annihilations. The solenoid is given a 10 cm thickness as well as niobium-titanium alloy material, a common material used in the particle physics industry to produce solenoids with strong magnetic fields [4] .
The non-uniform magnetic field model produced by the solenoid follows [2] , where the field has both radial and axial components given by
, where g is a gradient parameter that determines how quickly the field strength varies along the z-axis. For this study, we construct the gradient term to produce a linear decline in the magnetic field from the forward-end to the exhaust.
Within the solenoid, a liquid hydrogen target is positioned along the z-axis, which corresponds to the longitudal axis of the solenoid. The liquid hydrogen is encased in 1 mm thick stainless steel, grade 301, in order to simulate a realistic scenario in which the incoming antiproton beam would need to pass through a container to reach the liquid hydrogen target. At the forward end of the engine, an antiproton ( p ) beam is simulated with a gaussian width of 1
x y σ σ = = mm. Additionally, four stainless steel rods of radius 10.0 mm are modeled to act as supports for the liquid hydrogen target container as well as an aluminum beam pipe that runs from the forward end to the center of the solenoid. The structure of the engine, as well as a typical annihilation event, can be seen in Figure 1 . In the figure, blue and red tracks represent charged particles, as made evident by the redirection of the particle paths by the magnetic field, whereas green tracks correspond with neutral particle, as can be seen by the straight, undeflected paths since the neutral particles are not affected by the magnetic field. Journal of Modern Physics The simulation allows for control over several parameters which are used for optimization as given by Table 1 . These are the same parameters explored by Keane and Zhang for engine optimization though the ranges for optimization differ slightly. We scan these parameters with the updated analysis structure and engine geometry in an attempt to reproduce the results of Keane and Zhang's simulation. The optimization is performed by varying a single parameter using the ranges and step sizes given by Table 1 while all other parameters are held constant. For each parameter set, 100,000 events are generated where an event corresponds to an antiproton fired at the liquid hydrogen target. Data is gathered on a particle by particle basis and is analyzed in an ntuple structure within ROOT [5] . Once each parameter is optimized, an additional 100,000 events are generated with each parameter set to its optimized value.
Results
The simulation produces a myriad of various daughter particles as shown in Figure 2 . The most abundant particles are gammas and charged leptons. Since gammas are electrically neutral, they cannot be redirected by the magnetic field and therefore make a negligible contribution to the impulse imparted to the engine. These gammas do pose a significant concern in terms of radiation which can be solved with significant radiation shielding, though extensive consideration of gamma radiation is beyond the scope of this paper. Additionally, charged leptons prove to be very inefficient in being redirected through the exhaust as only ≈ 8% of charged leptons produced make it to the exhaust. The next most abundant particles are charged pions which have a significant number of particles reaching the exhaust compared to the number produced. For this reason, this analysis focuses on charged pions as these particles are the most abundant particles found at the exhaust.
We define the engine efficiency for each particle type by the ratio of the number of particles reaching the exhaust plane to the number created by the p annihilation, # exhaust # production = 
. As seen in Figure 3 there is a significant Journal of Modern Physics Figure 2 . Shows the breakdown of the type of particles produced by the annihilation. efficiency dependence on charged pion speed. After seeing this dependence, questions are raised as to what the proper efficiency number should be, specifically [2] quotes an efficiency of nearly 80%, however this appears to be the efficiency for the most probable π ± speed, not an average, which is indicated by their nomenclature. Therefore, we quote two efficiencies, an average calculated from ( ) β =   and max  found at the most probable pion speed (≈ 0.95c). We define most probable pion speed as the speed at which most pions are travelling at the point of production.
We calculate the impulse from the standard definition of = ∆ I p. Specifically we calculate the z-component of the impulse on a particle per particle per event basis, therefore, for the ith particle in an event, the z-component of the impulse is given by,
. It is the z-component of the impulse that supplies forward momentum to the engine as the exhaust is aligned along the z axis. This is evident in Figure 4 as a clear shift in the z-component of the momentum can be seen from production to exhaust whereas the x and y components Journal of Modern Physics Our optimization is based on the product of average impulse and average efficiency, z I ⋅ , generated by 100,000 events per parameter setting as previously shown in Table 1 . The parameter is optimized when z I ⋅ is maximized indicating that the optimal balance of impulse and particles carrying the momentum through the exhaust has been achieved. Final optimized values of the parameters are given by Table 2 . Furthermore, the variances in  , z I , and z I ⋅ for each parameter can be seen in Figures 5-10 .
In its optimized state, the engine produces an impulse of 182.6 ± 0.5 MeV/c per event for charged pions which corresponds to (9.78 ± 0.03) × 10 −20 Ns in SI units and a specific impulse of (2.49 ± 0.08) × 10 6 s. This specific impulse is much greater than those of current chemical processes which range from 240 to 400 s [6] and theoretical nuclear processes on the order of 3000 s [7] . These values suggest that for every kilogram of antiprotons and protons, approximately 1 million kilograms of chemical fuel would be needed to produce an equivalent amount of thrust. 
Conclusions
This simulation has shown that antimatter has exceedingly great potential as a fuel source for interstellar travel. The high specific impulse of (2.49 ± 0.08) × 10 6 s calculated in this simulation is orders of magnitude larger than that of current chemical rocket fuels which are usually between 240 -400 s, as well as theoretical nuclear propulsion systems that are estimated to achieve upwards of 3000 s. Journal of Modern Physics Specific impulse as calculated here, however, merely indicates a maximum potential performance as the actual performance of the engine is limited by the rate at which fuel can be supplied to the reaction point. The difficulty in utilizing antimatter in an engine as proposed here lies in the ability to produce enough antiprotons to fuel a spaceship. With current state of the art beam densities at 10 7 antiprotons/s [8], the engine would only produce a thrust of 9.78 × 10 −13 N. When this thrust is applied to a 500 ton spacecraft, the resulting acceleration would be equal to 2.16 × 10 −18 m/s 2 . At this rate it would take 4.41 × 10 20 years to reach half the speed of light. If the beam density was increased to 10 28 antiprotons/s, the spacecraft would reach half the speed of light in just 1.6 days. Current proton beam densities produced for experiments conducted at Fermilab can supply protons to a target at a rate as high as 9.6 × 10 13 protons/s [9] . If enough antiprotons were produced to create comparable p beams, it would still take an extraordinarily long time to reach half the speed of light at 4.59 × 10 11 years. Chemical rockets, however, can supply fuel to the reaction point at much higher rates, allowing for more reactions in a given period of time which results in a higher thrust. As a result, these rockets compensate for a lower specific impulse by a high mass flow rate whereas antimatter fuel is heavily restricted by the low rate at which antiprotons are supplied to the reaction point despite a high specific impulse.
Obviously, in order to construct a practical antimatter engine there is a need for much denser p beams, but in order to produce denser beams p production rates need to be improved. Frisbee offers a positive outlook on the increase in antimatter production stating that in 45 years, p production increased on the order of 10 6 [1] and that it is not unreasonable to believe that a similar increase in magnitude of production may occur in the following 45 years. Furthermore, the addition of multiple beams within a single engine would increase the rate at which antiprotons are delivered to the target; however, 10 p beams would be needed just to increase the beam density by one order of magnitude.
Other issues in utilizing an antimatter fueled engine come from the naturally dangerous nature of antimatter due to its annihilation upon contact with ordinary matter. For this reason, use of an antimatter engine may only be feasible in outer space where an absence of atmosphere will allow antiprotons to propagate through the engine without being annihilated before reaching the desired annihilation point. The reaction of antimatter with matter also makes storing antiprotons difficult. Although storage of antiprotons has been achieved for long periods of time through magnetic suspension within a vacuum, there are greater challenges in being able to store enough antiprotons needed to fuel a space ship in a safe manner. Considering these factors, it is very unlikely that antimatter will ever completely replace chemical fuels but rather be used in conjunction with chemical rocket for deep space missions in the distant future.
In this simulation, we have also determined an average pion velocity of 0.85c, a slightly higher value than the value of 0.81c cited by Keane and Zhang [2] . Whereas Keane and Zhang optimized based on pion efficiency in order to maximize the effective exhaust velocity, we have optimized efficiency and impulse in order to maximize the impulse imparted on the engine. We feel this is a more effective approach to optimizing the antimatter engine as impulse is responsible for the thrust and acceleration of the engine whereas effective exhaust velocity is more useful in determining the maximum achievable velocity of the engine. As we have discussed previously, the difficulty in utilizing an antimatter engine lies in the ability to achieve a large enough acceleration to make a practical antimatter engine.
